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I. INTRODUCTION

F
OR the second phase of the LHC collimation system upgrade, which will enable beam operation at nominal and ultimate intensities, Fermilab and CERN have started the development of 11 T dipoles 11 m long to replace a few NbTi dipoles 15 m long and free space for collimators in the LHC. An important step in the design of these magnets is the development of the high aspect ratio cable to achieve the nominal field of 11 T at the nominal LHC operating current of 11.85 kA with 20% margin [1] . The wire to be used in the short models of the 11 T demonstrator dipole is made with the Restacked-Rod Process (RRP) by Oxford Superconducting Technology (OST) [2] , and has a 108/127 design and 0.7 mm in diameter.
Magnetic field quality and electro-magnetic stability require the smallest possible superconducting subelement size. In addition, in cables the conductor sees deformations in the plastic regime, by which the subelements are deformed and sometime merge together causing electromagnetic coupling [3] , [4] . It was shown already [5] that RRP designs with 127 restacks and 0.7 mm size with extra Cu between the superconducting bundles withstand the cabling process and allow using the full current capacity of the conductor in magnets, at least at 4.2 K. This wire is presently a baseline conductor for magnet R&D in the U.S. [6] , [7] . However, it is clear that at the LHC operation temperature of 1.9 K, at which the conductor exhibits a much larger critical current density , these wires still operate on the verge of instability, and that it is therefore important to reduce as much as possible the superconducting subelement size.
In this paper, a comparison study was performed between a 150/169 RRP and the baseline 108/127 RRP design. The study compares the effect of increasing deformation through flat rolling on the critical current, , the stability current, , and the residual resistivity ratio, RRR, between the two designs. The magnetization of both round wires was measured at 4.2 K. Finally, an ANSYS finite element model was implemented to simulate plastic deformation of both designs. Table I shows parameters of the 150/169 RRP (RRP1) and the 108/127 RRP (RRP2) strands. Pictures of the cross sections are in Fig. 1 . With the nominal heat treatment, the 1 mm RRP1 strand produced a (4.2 K, 12 T) of 2643
II. EXPERIMENTAL SETUP
A. Strand Description
, and the 0.7 mm wire a (4.2 K, 12 T) of 2518 , as measured by OST. In table, is the geometrical subelement size of the flat to flat dimension of the hexagonal outer diffusion barrier, as calculated from design, unreacted.
B. Sample Preparation and Measurement Procedure
Round and deformed strand samples were wound on grooved cylindrical barrels made of Ti-alloy, and heat treated in Argon atmosphere. After reaction, the samples were tested on the same barrel. Stycast was used on the sample. The was determined from the voltage-current (V-I) curve using the resistivity criterion. Typical measurement uncertainties are within 1% at 4.2 K and 12 T. The stability current, , was obtained through V-H tests as the minimum quench current in the presence of a magnetic field variation. Magnetization samples were wound on stainless steel tubes for heat treatment. Then they were transferred on G-10 holders for testing. Magnetization was measured using a balanced coil magnetometer with a magnetic field ramp rate of 17 mT/s.
Deformation was applied by a motorized roller system to round wires before any reaction to flatten the strand vertically, and the wire is free to expand laterally. Wire deformation was defined as , where is the original strand diameter and t the thickness of the deformed strand (Fig. 8) .
For the microscopic damage analysis, ten one-inch pieces of each sample were potted in epoxy and were then cut on both sides using a slow-speed diamond saw. The samples were polished on both sides to a level of 0.05 using manual and automatic polishing. This procedure resulted in ten samples, each containing twenty cross sections of material, for each wire deformation level analyzed. For the ANSYS modeling, the sizes of the composite geometrical components were measured with an accuracy of 1 to 1.5% at 200 magnification on cross sections of round strands.
III. RESULTS AND DISCUSSION
A. Strand Performance at 4.2 K
For this study the RRP1 and RRP2 wires were given two different heat treatments, which were tailored to produce 's as close as possible for the two round wires. This can be seen in Fig. 2 , where the (14 T) of the 1 mm round and rolled strands is compared between the two wires as function of wire deformation. Up to 50% deformation the (14 T) degrades similarly under increasing deformation in the two designs. Fig. 5 shows the RRR comparison between RRP1 and RRP2 1 mm strand samples as function of wire deformation. It can be seen that the 150/169 strand has a systematically better J performance over most of the deformation range, which is consistent with its subelements being smaller. The deformed 1 mm 150/169 strand shows RRR values that are consistently larger than for the 108/127. Magnetization of 0.7 mm round strands was measured at 4.2 K between 0 and 3 T and between 10 and 13 T. The samples were given the same heat treatment schedule with dwells at 210 for 48 h, at 400 for 48 h and at 665 for 50 h, and temperature ramp rates of 25 , 50 and 75 respectively. The low field magnetization for both wires is shown in Fig. 6 . The results for the RRP2 sample are close to those obtained for a similar strand in [8] . Magnetization at 4.2 K and 12 T per total strand volume was 37.5 1.7 mT for the RRP2 sample and 29.3 1.1 mT for the RRP1 sample. The at 4.2 K and 12 T was 495 A for RRP2, corresponding to a of 2890
, and 493 A for RRP1, corresponding to a of 2660
. The effective filament size in the round filament approximation was for RRP2 and for RRP1.
B. Strand FEM Modeling
To model strand deformation with ANSYS, a rigid contact element was gradually applied to a round composite made of Sn and Nb hexagonal elements embedded in a Cu matrix [9] . Fig. 7 shows the model geometries of the 108/127 and 150/169 1 mm strands, using the measured geometrical parameters of Table II. A flexible contact element was used on the wire surface. Elastic and plastic material properties were used. A plain strain (i.e. infinite wire length with zero axial strain) and isotropic behavior were assumed. The mesh was optimized in order to provide much finer information in the Cu channels between bundles, where failure occurs first. The model was validated through comparisons with a large statistics of deformed strand cross sections at each deformation stage (see Fig. 8 ). The present simulation procedure does not model fracture. However an excellent correlation was found up to relative deformations of 26% [9] .
The RRP1 and RRP2 1 mm strands were modeled first at 26% wire deformation. The principal tensile strain in the Cu along the 2nd diagonal is plotted in Fig. 9 as a function of radial position. The plastic work per volume follows the same behavior. Since the principal strain increases radially toward the center of the strand, the wire with the additional inner row in principle sees the largest strain. The model was then run for the two de- signs also at 18, 22 and 30% deformation levels. Fig. 10 shows the maximum principal tensile strain in the cross section as a function of wire deformation. This parameter increases only a little faster with deformation in the 150/169 design than in the 108/127.
C. Strand Damage Analysis
Deformation was applied by a flat roller system to round wires before any reaction. The RRP1 wire of 1 mm diameter was reduced by amounts of 10 to 50% in incremental steps of 5%. At 20% deformation, the Cu gets thinner in the innermost channels. The Nb-Sn bundles start touching as soon as the Cu channel thickness goes to zero, i.e. breaks, which occurs at 25% deformation, when the Nb starts breaking in the innermost bundles and merging radially outward. Eventually, at 30% deformation, the merging has encompassed the whole thickness of the superconducting area. Fig. 11 shows the number of damaged subelements in each circular row of the superconducting hexagonal area, normalized to the number of cross sections (CS) analyzed, as function of wire deformation. Fig. 12 compares the number of damaged subelements per cross section found experimentally at each level of deformation in the 1 mm RRP1 and RRP2 [9] strands. As can be seen, damage to the Nb-Sn bundles in the 150 subelements design starts at 25% deformation (at which the calculated maximum principal strain in the Cu is about the same as that the 108 subelement design deformed at 26%), and a larger fraction of bundles gets damaged once such level is exceeded. This is consistent with the maximum principal strain for the two wires in Fig. 10 . As already shown in Fig. 2 , the degradation of the RRP1 and RRP2 wires is negligible up to deformations of 25%, and within 10% up to 30% deformation. However, as shown in Figs. 3 and 4 , above 30% deformation a reduction in stability current density occurs for both wires. 
D. Strand Performance at 1.9 K
Samples of 0.7 mm RRP1 and RRP2 round strands were tested and compared also at 1.9 K. The V-I and V-H test results are shown in Fig. 13 . At this temperature the better stability of the 169 restack design is even more apparent than at 4.2 K (not shown).
IV. CONCLUSION
This study, which compared the effect of increasing deformation on , and RRR between the 150/169 and the baseline 108/127 RRP designs, showed the following results. The (14 T) degraded similarly in the 150/169 wire, which however had a systematically better performance both at 4.2 K and at 1.9 K. This is consistent with its smaller effective filament size. The 150/169 wire also had RRR values consistently larger than the 108/127 wire. ANSYS results of plastic modeling of the two designs were consistent with the microscopic damage analysis. The margin in stability provided by the 150/169 design is needed to account for the subelement merging that occurs in cables. Alternatively, this design could be used at larger strand sizes.
Based on the above results, the 0.7 mm RRP1 wire was used to fabricate about 300 m of 40-strand cable with stainless steel core for an 11 T dipole short model. The cross section of this cable is shown in Fig. 14 . 
